Complete artificial saliva (CAS) is a saliva substitute often used as a vehicle for test articles, including smokeless tobacco products. In the course of a study employing normal adult human dermal fibroblasts (HDFa) as a model in vitro, we discovered that CAS as a vehicle introduced a significant change in the expression of proinflammatory cytokines. To determine the effects of CAS on gene expression, real-time quantitative reverse-transcriptase PCR gene array analysis was used. Results indicate that robust changes in the expression of the proinflammatory cytokine interleukin 8 (IL8) and the vascular cell adhesion molecule 1 (VCAM1) occur within 5 h of exposure to CAS. To determine whether CAS also alters cytokine release into the culture media, cytometric bead array assays for human inflammatory cytokines were performed. Analysis shows that CAS induced the release of IL8 and IL6. This study focused on determining which components in CAS were responsible for the proinflammatory response in HDFa. The following components were investigated: α-amylase, lysozyme, acid phosphatase, and urea. Results demonstrated that enzymatically active α-amylase induced gene expression for proinflammatory cytokines IL8, IL6, tumor necrosis factor-α, and IL1α and for VCAM1. Therefore, it is important to carefully evaluate the "vehicle effects" of CAS and its components in in vitro toxicology research.
Artificial saliva (AS), sometimes called complete artificial saliva (CAS), is a saliva substitute prepared according to the protocol of Chou and Que Hee (1994) and is often employed as a vehicle for orally used test articles including smokeless tobacco products (Pappas et al., 2008) . Alternatively, dimethyl sulfoxide (DMSO) is often used when testing smoked tobacco products, where total particulate matter from smoke generated by puffing is typically collected on filter pads and eluted off using this solvent (Johnson et al., 2009) . In preliminary studies comparing the effects of different tobacco products on gene expression in cultured normal adult human dermal fibroblasts (HDFa), we observed that gene expression for proinflammatory cytokines interleukin 8 (IL8) and tumor necrosis factor-α (TNF-α) and for vascular adhesion molecule 1 (VCAM1), a gene upregulated by inflammatory cytokines TNF-α and IL1 (Carlos and Harlan, 1994) , increased after 5-h exposure to CAS, but not DMSO (Supplementary fig. 1 ). These findings suggested that components of CAS alter the expression of proinflammatory cytokines.
Because AS is essential for controlled in vitro experiments in the study of test articles used in the oral cavity, it should react with test materials in a manner similar to that of natural saliva in order to create a valid artificial oral environment (Leung and Darvell, 1997) . To mimic many of the properties of human saliva, CAS is buffered at pH 7.0 (phosphate and calcium) and contains mucin, α-amylase, lysozyme, acid phosphatase, and urea (Chou and Que Hee, 1994) . Calcium and phosphate help maintain tooth mineral integrity. Mucins protect the tooth surface against demineralization of enamel and promote remineralization, provide lubrication, bind to toxins, agglutinate bacteria, interact with host cells, and may protect the esophagus in gastroesophageal reflux disease (Castagnola et al., 2011; Dodds et al., 2005) . α-Amylase, the most abundant protein in human saliva, catalyzes the breakdown of starch and glycogen to maltose, inhibits the adherence and growth of bacteria to epithelial surfaces (Papacosta and Nassis, 2011) , and binds with high affinity to certain oral streptococci (Scannapieco et al., 1993) . Lysozyme, a relatively minor component of saliva, has antimicrobial properties as a result of disrupting bacterial cell walls (Dodds et al., 2005; Humphrey and Williamson, 2001; Papacosta and Nassis, 2011) . Acid phosphatase frees phosphate groups from other molecules during digestion. Saliva also contains urea that works together with bicarbonates and phosphates to modulate pH and buffering capacity of this fluid.
The studies reported herein demonstrate that CAS alters the expression of certain proinflammatory cytokines, including IL8, and VCAM1, a gene induced by proinflammatory cytokines, in HDFa. To determine which components of CAS induce the expression and release of proinflammatory cytokines in HDFa, we investigated α-amylase, lysozyme, acid phosphatase, and urea. We report data indicating that α-amylase is responsible for this proinflammatory response. We caution that CAS may not be an inactive vehicle in studies involving immune function.
MATeRIALS AnD MeTHoDS
Materials. Reagents and cell culture materials were purchased from the following sources: HDFa (ATCC PCS-201-012), fibroblast basal media (FBM), and fibroblast supplemental growth factors (hydrocortisone hemisuccinate, HLL supplements [human serum albumin, linoleic acid, and lecithin], rh FGFβ, rh EGF/ TGF, β-1 supplement, rh Insulin, and ascorbic acid), American Type Culture Collection (Manassas, VA); fetal bovine serum (FBS), Atlanta Biologicals Inc. (Lawrenceville, GA); GlutaMAX I and TRIzol, Life Technologies (Grand Island, NY); Dulbecco's PBS (DPBS), Lonza (Walkersville, MD); penicillinstreptomycin (Pen-Strep), phenol red, mucin from bovine submaxillary glands, potassium chloride, calcium chloride dihydrate, magnesium chloride hexahydrate, urea, D-(+)-glucose, α-amylase from human saliva, lysozyme from human neutrophils, acid phosphatase from potato, soluble starch from potato, sodium potassium tartrate salt, 3,5-dinitrosalicylic acid, and maltose monohydrate, Sigma-Aldrich (St Louis, MO); sodium chloride and dipotassium hydrogen phosphate, Fisher Scientific Co. (Fairlawn, NJ); and β-mercaptoethanol (βME), Calbiochem (La Jolla, CA). Kits for assays were purchased from the following sources: Qiashredder columns and Qiagen RNeasy mini kits, Qiagen Inc. (Valencia, CA); high-capacity cDNA reverse transcription kits and TaqMan Expression Assays, Applied Biosystems (Foster City, CA); FastStart Universal Probe Master (Rox), Roche (Indianapolis, IN); and Cytometric Bead Array (CBA) human inflammatory cytokine kits, BD Biosciences (San Jose, CA). For experiments comparing the effects of CAS and modified AS on gene expression, all AS was prepared in our laboratory. In all other experiments, CAS was prepared by Labstat International (Kitchener, Ontario, Canada).
CAS was prepared using a protocol based on the work of Chou and Que Hee (1994) . Components in CAS were mucin (1.35 g/l), potassium chloride (475 mg/l), sodium chloride (700 mg/l), calcium chloride dehydrate (185 mg/l), dipotassium hydrogen phosphate (420 mg/l), magnesium chloride hexahydrate (105 mg/l), urea (45 mg/l), D-(+)-glucose (100 mg/l), α-amylase (100,000 U/l), lysozyme (750 U/l), and acid phosphatase (4 U/l). Modified versions of AS were prepared in which MilliQ-treated H 2 O was substituted for the following constituents: (1) urea; (2) α-amylase; (3) lysozyme; (4) acid phosphatase; or (5) α-amylase, lysozyme, and acid phosphatase. HDFa were treated with CAS, modified AS, or vehicle (FBM without supplements).
Cell culture for gene expression and cytokine release studies. HDFa were maintained in serum-complete media composed of FBM supplemented with 10% FBS, GlutaMAX I (2mM), 1% Pen-Strep, and phenol red (2μM) in a humidified 5% CO 2 incubator at 37°C. To initiate the experiments, HDFa were plated at a density of 4 × 10 5 cells in 60-mm tissue culture dishes in serumcomplete media, such that cells were 50 to 80% confluent and actively proliferating at the time of each experiment. After 20-24 h, serum-complete media were removed, cells were rinsed twice with DPBS, and media were changed to serum-free defined media composed of FBM, GlutaMAX I, Pen-Strep, phenol red, and fibroblast supplemental growth factors (hydrocortisone hemisuccinate [1 µg/ml], human serum albumin [500 µg/ml], linoleic acid [0.6µM], lecithin [0.6 µg/ml], rh FGFβ [5 ng/ml], rh EGF/TGF [5 ng/ml], β-1 supplement [30 pg/ ml], rh Insulin [5 µg/ml], and ascorbic acid [50 µg/ml]). Appropriate treatment or vehicle was added, and cells were incubated at 37°C and 5% CO 2 . At the designated time following treatment (1) culture media were collected for determination of released cytokines, and (2) cells were collected for RNA isolation.
RNA isolation and cDNA preparation. The cell monolayer was rinsed twice with DPBS and dislodged with TRIzol containing 1% βME. Cells were transferred to Qiashredder columns and disrupted by sedimentation at 14,000 rpm for 2 min. The supernatant was collected and RNA was isolated using the Qiagen RNeasy mini kit. Purity and quantity of RNA were measured on the NanoDrop 2000 (Thermo Fisher Scientific Inc., Wilmington, DE). Total RNA was converted to single-stranded cDNA using a high-capacity cDNA reverse transcription kit composed of RT buffer, RT random primers, dNTP mix, reverse transcriptase, and RNase-free H 2 O.
Gene expression arrays.
Real-time quantitative reverse-transcriptase PCR analyses were performed using TaqMan Expression Assay and FastStart Universal Probe Master (Rox). Target genes included IL1α, IL6, IL8, TNF-α, and VCAM1. Three independent experiments with two technical replicates for each were performed. All data were normalized to the average of three housekeeping genes: 60s ribosomal protein L13a (RPL13A), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and beta-actin (ACTB). Fold changes are reported relative to vehicle control. All data were analyzed using REST 2009 (Relative Expression Software Tool V2.0.13, Qiagen Inc.), a software tool that compares a sample group and control group and tests the group differences for significance by applying a Pairwise Fixed Reallocation Randomisation Test (Pfaffl et al., 2002) . Based on the recommendations of Pfaffl et al. (2002) , 2000 randomizations were performed for each analysis. All graphs were created using GraphPad Prism 4.00 for Windows (GraphPad Software Inc., San Diego, CA).
CBA assays. Proinflammatory cytokine release in HDFa was determined by using CBA assays for human cytokine inflammatory responses as described previously (Arimilli et al., 2007) . Briefly, we measured cytokines by immunoadsorption to solid-phase antibodies specific for IL1β, IL6, IL8, IL10, IL12p70, and TNF-α (BD Biosciences). Three to six independent experiments were performed for each treatment group. All data were analyzed using FlowJo (Tree Star Inc., Ashland, OR) software. Statistical analysis (one-way ANOVA followed by Dunnett's multiple comparisons test) was performed using Prism 4.00 software (GraphPad).
Enzymatic activity of α-amylase. α-Amylase from human saliva (SigmaAldrich) was dissolved in MilliQ-treated H 2 O at a concentration of 100 U/ ml. Based on a previous report indicating that amylase activity decreases at temperatures above 50°C due to denaturation (Schneyer, 1951) , α-amylase was heated at 60°C for 6, 18, 24, 30, or 36 min or boiled for 15 or 60 min. To confirm heat inactivation of α-amylase, colorimetric assays (Sigma Quality Control Test Procedure EC 3.2.1.1) were performed to measure the enzymatic activity at 20°C, pH 6.9. Solutions used in the assay included the following: 1.0% (wt/vol) soluble starch solution in sodium phosphate buffer (20mM) with sodium chloride (6.7mM); a color reagent solution composed of sodium potassium tartrate and 3,5-dinitrosalicylic acid (96mM); and α-amylase diluted in MilliQ-treated H 2 O (enzyme solution). For each experiment, paired test samples and blanks (no enzyme) were incubated for 3 min at 20°C. Color reagent (1 ml) was added to all test and blank samples, which were then boiled for 15 min, cooled on ice to room temperature, and diluted in MilliQ-treated H 2 O. Absorbance at 540 nm (A 540 ) was read using a SPECTRAmax M2 spectrophotometer (Molecular Devices) and compared with the standard curve generated using serial dilutions of a 0.2% (wt/vol) maltose standard solution. Results are reported as % enzymatic activity, with one unit of α-amylase defined as that which will free 1.0 mg of maltose from starch in 3 min at 20°C, pH 6.9 (Sigma-Aldrich).
ReSuLTS

Effects of CAS Components on Gene Expression and Cytokine Release in HDFa
CAS induced a significant increase in gene expression for IL8 and VCAM1 in HDFa after 5 h and a nearly twofold increase (p = 0.068) in the expression of TNF-α (Fig. 1) . In contrast, modified AS without α-amylase, lysozyme, and acid 19 ARTIFICIAL SALIVA AND CYTOKINES phosphatase failed to induce the expected increase in gene expression response for IL8 and VCAM1, and instead, was not significantly different from vehicle. Modified AS without α-amylase also failed to induce expression of IL8 or VCAM1, which were not significantly different from vehicle. Modified AS without lysozyme or without acid phosphatase mimicked the effects of CAS on gene expression for IL8 and VCAM1. Modified AS without urea significantly increased expression of IL8 and VCAM1 relative to vehicle; however, the expression of IL8 was reduced compared with CAS. Although urea is chaotropic, it is generally used in the range of 8M for chaotropic properties (Bennion and Daggett, 2003; Rocco et al., 2008) , whereas the CAS contains only 749µM urea. Collectively, these results indicate that α-amylase is a key component in the effect of CAS on certain proinflammatory cytokines, e.g., IL8, and genes regulated by cytokines, e.g., VCAM1.
Effects of CAS and modified AS on the release of cytokine IL8 into the culture media (Fig. 2) were similar to the effects of these AS preparations on gene expression for IL8. CAS and modified AS containing α-amylase increased the release of IL8 and IL6. Preparations of AS without α-amylase failed to produce any increase relative to vehicle. Neither CAS nor modified AS preparations significantly altered the release of TNF-α, IL1β, IL10, and IL12p70. An increase in the release of TNF-α might occur, but if it is degraded, it may not be detected. These data indicate that α-amylase induces gene expression and cytokine release for certain cytokines, e.g., IL8 in HDFa, but not other cytokines tested (e.g., IL10, IL12p70).
FIg. 1. Changes in gene expression in HDFa in response to AS measured using quantitative real-time PCR (qRT-PCR)
. Data indicate fold change relative to vehicle, n = 3. Error bars indicate SEM. Asterisks indicate significant difference from cells exposed to CAS for 5 h (*p < 0.05; ***p < 0.001). VEH = vehicle; -U = AS without urea; -E = AS without α-amylase, lysozyme, and acid phosphatase; -A = AS without α-amylase; -L = AS without lysozyme; -AP = AS without acid phosphatase.
FIg. 2.
Changes in proinflammatory cytokine release from HDFa into culture media in response to AS measured using CBA assays. Data indicate concentrations (pg/ml) of cytokines present in the culture media, n = 3. Error bars indicate SEM. Asterisks indicate significant difference from cells exposed to CAS for 5 h (**p < 0.01). VEH = vehicle; -U = AS without urea; -E = AS without α-amylase, lysozyme, and acid phosphatase; -A = AS without α-amylase; -L = AS without lysozyme; -AP = AS without acid phosphatase. 
Concentration of α-Amylase Versus Gene Expression
As units of α-amylase were increased, gene expression for IL8, TNF-α, VCAM1, and IL6 increased (Fig. 3) . Results indicate that the greatest increase in gene expression occurred at the concentration of α-amylase that was contained in CAS (8.35 U/ml) and reported in Figures 1 and 2 for gene expression and cytokine release experiments in this study. A maximal response was attained at approximately 25 U/ml for VCAM1 and between 75 and 100 U/ml for IL8, TNF-α, and IL6.
Enzymatic Activity of α-Amylase Is Required for Cytokine Expression
In order to determine whether the enzymatic activity of α-amylase is critical to conferring the expression of proinflammatory cytokines, we examined the response to α-amylase that had been heat inactivated. Enzymatic activity of α-amylase was reduced approximately 90-95% by heating at 60°C for at least 30 min and was abolished by boiling for 15 min (Fig. 4) . The initial lag phase observed for α-amylase heated at 60°C is consistent with a slow conformational change (Schneyer, 1951) . Inactivation begins at approximately 15 min with 50% inactivation at approximately 23 min; at 30-36 min, only 5% of the enzymatic activity remains. Boiling for 15 and 60 min inactivates α-amylase. When cells were exposed to unheated or partially inactivated (i.e., heated at 60°C) α-amylase for 5 h, expression of IL8, TNF-α, IL6, IL1α, and VCAM1 increased in comparison to the response in vehicle-treated cells (Fig. 5) . In cells treated with inactivated (i.e., boiled) α-amylase, expression of these genes was not significantly different from vehicle-treated cells. Figure 6 shows that gene expression correlated with enzymatic activity of α-amylase.
Gene Expression and Growth Factors
α-Amylase in serum-free defined media both without and with supplemental growth factors increased gene expression for IL8, TNF-α, VCAM1, and IL6 (Fig. 7) . Interestingly, addition of supplemental growth factors decreased α-amylase-mediated .05, and 83.5 U/ml or vehicle (FBM without supplements). Cells were collected at 5 h posttreatment. Effects of α-amylase on the expression of IL8, IL6, TNF-α, and VCAM1 were determined using qRT-PCR. A one-site hyperbola was generated to graphically represent gene expression relative to concentration of α-amylase (GraphPad). Nonparametric correlations of relative fold changes in gene expression and α-amylase enzymatic activity were performed using linear regression and Spearman's r (GraphPad). 
FIg. 5.
Gene expression in HDFa in response to heat-inactivated α-amylase measured using qRT-PCR. HDFa were treated with samples of heat-inactivated α-amylase at final concentrations of 8.35 U/ml. MilliQ-treated H 2 O or FBM without supplements was used as a vehicle. Cells were collected at 5 h posttreatment. Effects of heat-inactivated α-amylase on the expression of IL1α, IL6, IL8, TNF-α, and VCAM1 were determined using qRT-PCR. Nonparametric correlations of relative fold changes in gene expression and α-amylase enzymatic activity were performed using linear regression and Spearman's r (GraphPad). Data indicate fold change relative to vehicle, n = 3-6. Error bars indicate SEM. Asterisks indicate significant difference from cells exposed to nonheat-inactivated α-amylase for 5 h (*p < 0.05; **p < 0.01; ***p < 0.001). VEH = vehicle.
expression of IL6 and TNF-α. Addition of supplemental growth factors also decreased α-amylase-induced expression of IL8 (p = 0.067) and VCAM1 (p = 0.080), but these decreases did not reach a level of statistical significance. These data suggest that one or more components of the supplemental growth factor mix may repress the cytokine gene expression pattern triggered by α-amylase.
DISCuSSIon
Our results demonstrate that α-amylase, a protein present in natural saliva and CAS, induces expression of certain proinflammatory cytokines, such as IL8, and downstream genes regulated by these proinflammatory cytokines, such as VCAM1. Some cytokines released by cultured HDFa may aid the growth, differentiation, and activation of inflammatory cells (Larsen et al., 1989; Perfetto et al., 2003) . Fibroblasts can secrete IL8 both constitutively and in response to proinflammatory stimuli. Elevated levels of IL8 in in vitro studies negatively affect the morphology and function of fibroblasts (Iocono et al., 2000) . IL1α or TNF-α can induce gene expression for IL8 in cultured normal human fibroblasts, and IL8 may serve a critical role in a cascade of interacting cytokines induced by tissue injury and immunologically induced inflammation (Larsen et al., 1989) . IL1α released by activated keratinocytes may induce the production of IL8 and IL6 in neighboring fibroblasts, which suggests a pathway for the amplification of the inflammatory response. Fibroblasts produce 100-1000 times more IL8 and IL6 than keratinocytes (Boxman et al., 1996) . IL6 is critical as an anti-inflammatory mediator by inhibition of other cytokines such as IL1, IL10, and TNF-α (Hirano, 1998) . Gao and Issekutz (1996) reported that only trace amounts of VCAM1 mRNA or protein are constitutively expressed in dermal fibroblasts and that VCAM1 is upregulated within 4 h by TNF-α and IL1α. Our studies suggest that an increase in the release of IL1α or TNF-α in response to α-amylase may cause an increase in the expression of mRNA for IL8 and VCAM1. IL1 or TNF must bind to its specific cell surface receptor to activate NF-κB. These stimuli initiate a signaling cascade that results in the disruption of the inactive complex of NF-κB:IκB proteins, release of NF-κB, and translocation of NF-κB into the nucleus where it binds to target DNA. NF-κB regulates inducible expression of many genes associated with immune function in the gut including IL1, IL6, IL8, TNF-α, and VCAM1 (Neurath et al., 1998) . We were concerned that lipopolysaccharide (LPS) can also stimulate proinflammatory cytokine expression in dermal fibroblasts (Wang et al., 2011) . In our study, trace amounts of LPS were detected in the α-amylase, CAS, and AS without amylase using a limulus amebocyte lysate (LAL) test (Lonza) (data not shown). No LPS was detected in the cell culture media. However, in our studies, changes in cytokine gene expression did not correlate with the presence of LPS (Escherichia coli o55:B5) (Sigma-Aldrich). These findings further support our conclusion that α-amylase induces changes in expression of proinflammatory cytokines IL8, TNF-α, IL1α, and IL6 and the gene VCAM1 in HDFa.
The mechanism by which α-amylase induces the production of IL8, IL6, IL1α, TNF-α, and VCAM1 is unknown. We tested the possibility that changes in gene expression might be due to nitric oxide or reactive oxygen species/superoxide generation; however, no differences between vehicle, CAS, and α-amylase were detected using fluorescent dye detection assays (data not shown). Perhaps α-amylase acts as a ligand or modifies a receptor on the HDFa cell that leads to cell signaling and ultimately induces specific proinflammatory cytokines and select genes regulated by cytokines.
Although the mechanism remains uncertain, the potential effects of α-amylase on inflammatory responses are biologically relevant in the use of AS in in vitro toxicology research. Saliva sampling is routinely performed as a diagnostic procedure for human oral and systemic diseases (Castagnola et al., 2011; Spielmann and Wong, 2011) . Hormones and metabolites released into saliva can be used in toxicological screenings (Papacosta and Nassis, 2011) . Saliva samples are used to monitor biological markers of stress-related changes in the body (Nater and Rohleder, 2009 ) and in sports and exercise science (Papacosta and Nassis, 2011 ). Our findings demonstrate that enzymatically active α-amylase may produce an inflammatory response through the induction of mRNA and release of certain proinflammatory cytokines. Therefore, it is important to carefully evaluate the "vehicle effects" of AS and its components in toxicology research.
SuPPLeMenTARy DATA
Supplementary data are available online at http://toxsci. oxfordjournals.org/. 
